Comets in the Oort cloud evolve under the influence of internal and external perturbations, such as giant planets, stellar passages, and the galactic gravitational tidal field. We aim to study the dynamical evolution of the comets in the Oort cloud, accounting for the perturbation of the galactic tidal field and passing stars. We base our study on three main approaches; analytic, observational and numerical. We first construct an analytical model of stellar encounters. We find that individual perturbations do not modify the dynamics of the comets in the cloud unless very close (< 0.5 pc) encounters occur. Second, using proper motions, parallaxes, and radial velocities from Gaia DR2 and combining them with the radial velocities from other surveys, we construct an astrometric catalogue of the 14 659 stars that are within 50 pc from the Sun. For all these stars we calculate the time and distance of closest approach to the Sun. We find that the cumulative effect of relatively distant (≤ 1 pc) passing stars can perturb the comets in the Oort cloud . Finally, we study the dynamical evolution of the comets in the Oort cloud under the influence of multiple stellar encounters from stars that pass within 2.5 pc from the Sun and the galactic tidal field over ±10 Myr. We use the Astrophysical Multipurpose Software Environment (AMUSE), and the GPU-accelerated direct N-body code ABIE. We considered two models for the Oort cloud, compact (a ≤ 0.25 pc) and extended (a ≤ 0.5 pc). We find that the cumulative effect of stellar encounters is the major perturber of the Oort cloud for a compact configuration while for the extended configuration the galactic tidal field is the major perturber . In both cases the cumulative effect of distant stellar encounters together with the galactic tidal field raises the semi-major axis of ∼ 1.1% of the comets at the edge of the Oort cloud up to interstellar regions (a > 0.5 pc) over the 20 Myr period we considered. This leads to the creation of "transitional interstellar comets" (TICs), which might become interstellar objects due to external perturbations. This raises the question about the formation, evolution and current status of the Oort cloud as well as the existence of a "cloud" of objects in the interstellar space which might overlap with our Oort cloud, when considering that other planetary systems should undergo similar processes leading to the ejection of comets.
Introduction
The outer region of the Solar System is populated by a large number of planetesimals. Further away, more than 1 000 AU from the Sun, and almost extending to the nearest stars, is the Oort cloud. Its existence was proposed in the late 1950s by the Dutch astronomer Jan Hendrik Oort, who realised that long-term comets (with orbital semi-major axes a > 40 AU) bound to the Sun must come from an area well beyond Neptune. Oort (1950) pointed out that a spike in the distribution of 1/a of the long period comets with a > 10 4 AU, and isotropic inclinations in cos i, ω, and Ω, would argue for the existence of a reservoir of objects in quasi-spherical symmetry surrounding the Solar System. The Oort cloud has remained unobserved to date.
There have been numerous studies which try to explain the formation, evolution and structure of the Oort cloud, mostly through numerical simulation (e.g., Hills 1981; Heisler & Tremaine 1986; Duncan et al. 1987; Weissman 1996; Wiegert & Tremaine 1999; García-Sánchez et al. 1999; Dybczyński 2002; Levison et al. 2004; Dones et al. 2004; Morbidelli 2008; Duncan 2008; Brasser et al. 2006; Fouchard et al. 2006; Kaib & Quinn 2008; Brasser & Morbidelli 2013; Shannon et al. 2014; Dones et al. 2015) . There is general agreement on some properties of the Oort cloud, in particular that it is composed of the residual planetesimals after the planet formation epoch. The Oort cloud is divided into two regions: the inner Oort cloud is usually reserved for comets with semi-major axes a < 20 000 AU and is invisible unless there is a comet shower. The outer Oort cloud refers to comets with semi-major axes a > 20 000 AU (e.g., Dones et al. 2015) . Its shape is thought to be nearly spherical and limited at 0.5 pc mainly by the influence of the galactic tidal field and stellar flybys (e.g, Heisler & Tremaine 1986) . The Oort cloud is though to contain around 10 12 objects with a total mass of ∼ 3 × 10 25 kg (e.g., Morbidelli 2008) . However, these estimations are highly uncertain. The above mentioned studies also concluded that in order for long-period comets to still exist today they need to be replenished. Otherwise they would have been depleted on a timescale much shorter than the lifetime of the Solar System.
The orbits of the comets in the Oort cloud form a frozen record of the evolution of the Solar System and preserve the memory of its birth environment (Portegies Martínez-Barbosa et al. 2016; Fouchard et al. 2011 Fouchard et al. , 2018 . External perturbations such as galactic tides, stellar flybys and molecular clouds play an important role in the understanding of the formation and evolution of the Oort cloud. Passing stars can perturb the comets, changing their perihelion distances much more than they change the overall size of the orbit, changing the cometary trajectories and injecting the comets into the inner Article number, page 1 of 13 arXiv:1906.10617v1 [astro-ph.EP] 25 Jun 2019 A&A proofs: manuscript no. OortCloud_Gaia_ST Solar System (Morbidelli 2008 and Duncan 2008) . The outer Oort cloud has been affected quite substantially by external influences. Not only by passing stars in the Sun's parental cluster but also by occasional relatively close encounters that have occurred after the Sun has left its birth cluster ). Jílková et al. (2015) pointed out, that the planetesimals Sedna and 2008PV113 belong to the inner Oort cloud and that they may have been captured during an encounter with another star in the Sun's birth cluster. This star is conjectured to have passed the Solar System within about 340 AU and would have deposited ∼ 1 400 other planetesimals together with the two currently known objects in this family. The orbital characteristics of these objects share similar properties which can be used to reconstruct the encounter.
Close encounters with the Solar System have been studied by a number of authors (e.g., Rickman 1976; Robert A. J. Matthews 1994; Weissman 1996; Dehnen & Binney 1998; García-Sánchez et al. 1999; Levison et al. 2004; Jimenez-Torres et al. 2011; Bailer-Jones 2015; Dybczyński & Berski 2015; Higuchi & Kokubo 2015; Feng & Bailer-Jones 2015; Berski & Dybczyński 2016) . Most of them have calculated the closest encounters with the Solar System within ±10 Myr by using the astrometric data of the stars in the solar neighbourhood (< 50 pc) provided by Hipparcos mission (Perryman et al. 1997) . They find that the closest approach (∼ 0.3 pc) in the future (∼ 1.3 Myr from the present) will be with the star HIP 8982 (GJ 710), which will cause minor changes in the perihelion distance of the comets. The most recent close stellar encounter was with the socalled Scholz's star (M 0.15 M at distance of 0.25 +0.11 −0.07 pc, Scholz 2014, Mamajek et al. 2015) . All of the studies cited above were limited by the observational data due to the incompleteness of the Hipparcos survey.
The first data release (Gaia DR1) of the European Space Agency's Gaia mission (Gaia Collaboration, Gaia Collaboration, Prusti et al. 2016 ) opened a new window for understanding the Milky Way. In the particular case of the Solar System, Gaia detected nearly all of the local star systems within 50 pc from the Sun (compared to the 20% detected by Hipparcos). Using Gaia DR1, several authors (Berski & Dybczyński 2016; Bobylev & Bajkova 2017; Torres et al. 2018; Bailer-Jones 2018) re-computed the orbit of the closest stars to the Sun. They found new stars and new parameters for some of the very well known encounters, such as GJ 710, which gets closer (0.064 pc) based on the Gaia DR1 data. The recent second Gaia data release -Gaia DR2 (Gaia Collaboration et al. 2018) -, provided 7.2 million radial velocities. This provided a opportunity to find new and more accurately characterized stellar encounters. Using Gaia DR2 Bailer-Jones et al. (2018) found 693 new stars with closest encounter distances within 5 pc and 15 Myrs from now; accounting for the incompleteness they also re-calculate the present rate of encounters, which within ∼ 1 pc of the Sun is estimated to be 20 ± 2 Myr −1 . From Hipparcos data García-Sánchez et al. (1999) derived 11.7 ± 1.3 Myr −1 within ∼ 1 pc and Martínez-Barbosa et al. (2017) employed simulations to derive rates of 21, 39, and 63 Myr −1 within ∼ 2 pc for three different scenarios (orbital migration from the Milky Way inner disk, migration from the outer disk, and no migration, respectively).
We aim to obtain a conservative estimate of the combined effects of stellar encounters and the galactic tidal field on the Oort cloud, by only considering the encounters from stars listed in Gaia DR2 within ±10 Myr from the present. The latter sample is incomplete and thus provides a lower limit on the effects of passing stars. In Sect. 2 we presented a simple analytical model for stellar encounters and discuss the cumulative effect of pass-ing stars on the Oort cloud, using the impulse approximation. In Sect. 3 we present a catalogue of nearby stars and we calculate the effect of individuals encounters with stars within 2.5 pc from the Sun. In Sect. 4 we present a numerical model for multiple stellar encounters and study the dynamical evolution of a simulated Oort cloud after the interaction with the nearby stars and the galactic tidal field. Finally, in Sect. 5 we present our summary and conclusions.
Model for Stellar Encounters
The estimated extent of the Oort cloud is ∼ 0.5pc (Oort 1950; Dones et al. 2015) , which means that the orbital velocity of bodies in the Oort cloud is limited to 0.13 km s −1 . This implies that comets at the edge of the Oort cloud are barely bound to the Sun and thus the condition for a comet ejection due to an external perturbation, ∆v ⊥ > v esc (where v esc is the escape velocity) is easily met. The Galactic tidal field is the most important perturbation to the outer Oort cloud at large distances (Heisler & Tremaine 1986) . However close encounters with stars also play an important role in the evolution of the Oort cloud. Our knowledge of close stellar encounters in the recent past or near future has been limited by the availability of precise and accurate astrometry and radial velocities for the nearby stars. The Gaia mission has increased considerably the availability of astrometric and radial velocity data for the closest stars, even if about 20% of the stars with high proper motions are not listed in Gaia DR2 and those tend to be close to the Sun .
A simple analytical model of stellar encounters can help us better understand the effect of the passing stars on the Oort cloud. To construct such a model, we followed the works of Rickman (1976) ; García-Sánchez et al. (2001) ; Rickman et al. (2004 Rickman et al. ( , 2008 ; Martínez-Barbosa et al. (2017) . We first compiled data for the mass, velocity dispersion, and the space density of the stars in the solar neighbourhood for 13 spectral types, as in table 8 in García-Sánchez et al. (2001) . The mass of the stars corresponding to the spectral types B0V to M5V was taken from the data compiled by Mamajek (2018) 1 (see also Pecaut & Mamajek 2013) . While the mean value for white dwarfs (WD) was taken from Jiménez-Esteban et al. (2018) . The peculiar velocity of the Sun (v ) and the velocity dispersion of the stars (v * ) were taken from Rickman et al. (2008) . The space density of spectral types A to K and Giants was obtained from Bovy (2017) . For B and M type stars the values were obtained from Rickman et al. (2008) , and for the WD from Jiménez-Esteban et al. (2018) . The compiled data is shown in Table 1 .
We consider the effect of the stars with different masses ( M * ), and different spectral types in the Solar neighbourhood on the comets in the Oort cloud. We assume that the stars move on a straight line trajectory, and with a constant velocity relative to the Sun (v * ). For high stellar velocities, we can assume that the comet is at rest during the stellar passage. Using the impulse approximation (Oort 1950; Rickman 1976) , we then calculate the change of the velocity (∆V ⊥ ) imparted to a comet in the Oort cloud due to a random stellar encounter by integrating the perpendicular force generated by each passing star: Columns represent the spectral type of the stars followed by their mass, velocity dispersion and the Sun's peculiar velocity with respect to each spectral type. The relative velocity of the encounter within the system Sun-comet and the star is shown in column 5. The number density of stars in the solar neighbourhood is shown in column 6. where r c and r correspond to the vectors form the comet and the Sun, to the point of closest approach of the star (assuming that the comet has not been deflected by the star's gravity). If we consider r the heliocentric distance of the comet and we assume that the distance of the encounter is large enough compared to the distance Sun-comet, we can approximate Equation (1) with:
For the case of a very close encounter with the comet Equation (2) can be approximate as:
It is important to stress that the impulse approximation is based on a number of simplifying assumptions, and therefore it should be used for statistical analysis only. For our propose, it give us a general idea of the effect of the different stars in the solar neighbourhood on the comets in the Oort cloud.
Following Rickman (1976) we can calculate the frequency of the stellar encounters by using:
Where r * is the distance of the encounter, v enc = v 2 + v 2 * is the relative velocity of the Sun and a random passing star (v represents the peculiar velocity of the Sun, and v * the velocity dispersion of the parent population of the passing star). ρ * is the number density of stars of a given spectral type in the solar neighbourhood. Equation (4) can be used to determine the number of stars passing by within a sphere of radius r s centred on the Sun or a random comet (assuming that stars of the solar neighbourhood are uniformly distributed at any time and the stellar velocities relative to the Sun are constant, Rickman 1976) : (2) and the values in Table 1 , we calculated the frequency of the stars passing within a distance r * from the Oort cloud. We find that the total frequency of stars passing within 1 pc is around 12.5 Myr −1 (see Table 2 ). Following the same method García-Sánchez et al. (1999) found a lower value (11.7 Myr −1 ). The main difference with our result is due to the updated values for the mass and density of the stars used in this work. The most probable perturbers of the Oort cloud are the low mass, high relative velocity stars. Using Eq.
(2), in Fig. 1 we show the change of the velocity of a comet due to an encounter with a star for different spectral types and as a function of the distance of the encounter for an interval of 0.1-2.5 pc. The lower distance corresponds to the inner Oort cloud, while the larger distance corresponds to the limit where a passing star can start perturbing a comet at the edge of the cloud. In the rest of this work we refer to the latter distance as the critical radius.
As shown in Fig. 1 the change induced by a single encounter is relatively small. Massive stars are effective in exciting the ob-Article number, page 3 of 13 A&A proofs: manuscript no. OortCloud_Gaia_ST Fig. 1 : Change of the velocity of a comet due to random stellar encounters for the 13 stellar spectral types listed in Table 1 as a function of the of the encounter distance. The colour coding of the lines represents the frequency of stellar encounters as a function of the distance of the encounter, for the corresponding types of stars. The lines represent the different spectral types in the order listed in Table 1 . The mass of the stars decreases from the top to the bottom lines. ject in the Oort cloud, but they are rare. Low-mass stars are very common, but their effect on the orbits of a comet is small. However the number of stars encountering the Solar System increases over time.
The model presented in this section is based on a number of simplifying assumptions. Specifically, the impulse approximation provides a quick but inaccurate estimate of the effect of a random passing star on a comet in the Oort cloud. As we show in the Table 2 the effect of individual stars is relative small. However, considering the frequency and the number of stars approaching the Sun to within 1 pc over 1 Gyr, their cumulative effect might change the structure and dynamics of the Oort cloud. In order to have a better understanding of the evolution of the Oort cloud it is necessary to employ a detailed numerical model which accounts for the effects of the Galactic tidal field and stellar distribution of stars around the Sun. In Sect. 3 we present a list of nearby stars, within 50 pc from the Sun, for which Gaia DR2 astrometry and radial velocities (including from other surveys) are available. This provides us with accurate kinematic information on nearby stars that could influence the Oort cloud in the recent past or near future. In Sect. 4 we use numerical simulations to analyse their effect on the comets in the Oort cloud and estimate their cumulative effect over ±10 Myr, including the effect of the galactic tidal field. 
Close Encounters with the Solar System
To construct the list of stars within 50 pc from the Sun for which the encounter parameters (closest approach distance, velocity, and time) can be calculated we used the data from the Gaia DR2 catalogue. To increase the number of stars for which radial velocity information is available we cross-matched Gaia DR2 with the following catalogues: RAVE-DR5 (Kunder et al. 2017) , GALAH DR2 (Buder et al. 2018) , LAMOST DR3 (Zhao et al. 2012) , APOGEE DR14 (Abolfathi et al. 2017) , and XHIP (Anderson & Francis 2012) . We selected only stars with relative uncertainty on the parallax ( ) smaller than 20%, such that 1/ is a good estimator of the distance to the stars. Following Lindegren et al. (2018) we further filtered the list of stars according to
and
where G, G BP , and G RP corresponds to the photometric measurements, covering a wavelength from the near ultraviolet to the near infrared for the G passband, 330 to 680nm, and 630 to 1050 nm for G BP , and G RP , respectively. The u = (χ 2 /ν) 1/2 corresponds to the unit weight error, and E is the flux excess factor. This filter selects sources with high quality astrometry and weeds out stars which appear to be nearby because of spuriously high values of the parallax (see appendix C in Lindegren et al. 2018 ). The resulting catalogue contains 14 659 stars within 50 pc from the Sun (Table 3) .
For the selected stars we estimated the distance, time, and velocity of closest approach using the linear approximation method of Robert A. J. Matthews (1994) in the formulation presented in Bailer-Jones (2015):
where v T = 4.74 (µ α * 2 + µ δ 2 ) 0.5 / is the transverse velocity, v rad is the radial velocity of the star, is the parallax, c = 10 3 pc km −1 yr −1 , and the subscript 'ph' stands for perihelion. We estimated the mass of the stars by using the effective temperature provide in Gaia DR2 ) and linearly interpolating in the tables in Mamajek (2018) and Pecaut & Mamajek (2013) .
Of the 14 659 stars within 50 pc there are 31 that pass within 2.5 pc from the Sun (Fig. 2 , big dots) over a period of 20 Myr centred on the present (i.e. 10 Myr in the past and 10 Myr in the future). Figure 2 shows the observational Hertzsprung-Russell diagram of our sample. In Fig. 3 we show the closest approach distance and time of the stars in our sample with respect to the Sun. The limited distance range of the stars under study only allows us to find very close encounters within ±3 Myr.
In Fig. 3 the large dots show the distribution of the stars passing within 2.5 pc and those tend to be the major perturbers of the Oort cloud (referred to as 'Gaia stars' below). The closest encounter with the Solar System is GJ 710 which will penetrate deep inside the inner Oort cloud. As shown in Fig. 2 Table 3 . The big dots represent the stars within 2.5 pc from the Sun colour coded according to their spectral type. The density map shows all the stars in our sample. encounter with the Oort cloud will be minimal, mainly due to the low mass of the perturber and its high velocity with respect to the Sun.
Bailer-Jones et al. (2018) find 62 new stellar encounters, which partially overlaps with our list. Their list of encounters is larger than ours mostly because they did not apply the strict filtering on the astrometric quality of the Gaia DR2 data employed in this work. For stars appearing in both studies we find similar results.
We stress that the sample of the closest stars presented here is incomplete. The observational incompleteness is evident in the decrease in encounter frequency as one moves away from the present epoch in time. A complete census of stellar encounters requires all the stars within a certain distance to be identified. The main limitations in using the Gaia survey for finding the closest encounters are the survey magnitude limit, which prevents identifying encounters with faint low mass stars, and the lack of radial velocities. The Gaia DR2 radial velocity survey is limited to effective temperatures in the range ∼ 3550-6900 K and to stars brighter than G = 14 mag (see e.g., Bailer-Jones et al. 2018 ). An additional limitation is that some of the brightest stars in the sky are missing from the Gaia DR2 catalogue (Gaia Collaboration et al. 2018) A detailed study correcting for incompleteness in Gaia DR2 was carried out by Bailer-Jones et al. (2018) . They constructed a completeness map (Fig .12 , Bailer-Jones et al. 2018), interpreted as the probability of detecting a given close encounter in the Gaia DR2 sample. They found that only 15% of the encounters within 5 pc in a period of 5 Myr have been identified. Using this result, a simulated Milky Way galaxy was used to infer the encounter rate averaged over 5 Myr, in the past and future. They found that the encounter rate of stellar encounters within 1 pc is 20 ± 2 Myr −1 .
Perturbation of the Oort cloud
In section 3 we employed a simple method to estimate the perihelion distances and times for stars approaching the Sun by assuming the stars follow a uniform motion along straight lines with respect to the Sun (see also Bailer-Jones 2015) . We now seek a better estimation of the perihelion distance through the joint integration of the orbits of the Sun and the stars that are predicted to approach to within 2.5 pc (Table 4) backwards and forwards in time for 10 Myr. We first transformed the astrometric and radial velocity data into galactocentric Cartesian frame using Astropy (The Astropy Collaboration et al. 2018) . We adopted the Sun's position and the local circular velocity parameters from Reid et al. (2014) : Z = 27 pc, R = 8.34 kpc, and V c, = 240 km s −1 ; while the Sun's peculiar velocity was adopted form Schönrich et al. (2010) : (U , V , W ) = (11.1, 12.24, 7.25) km s −1 . We used the Gala (M. Price-Whelan 2017) package to perform the orbital integration. The Milky Way potential used is described by an analytic axisymmetric model which contains a spherical nucleus and bulge (Hernquist 1990 ), a Miyamoto-Nagai disk (Miyamoto & Nagai 1975; Bovy 2015) , and a spherical Navarro-Frenk-White (NFW) dark matter halo (Navarro et al. 1996) .
To account for the observational uncertainties we sample for each star the astrometric and radial velocity observables, taking the full covariance matrix into account. For each star, 10 6 samples of the astrometry and radial velocity are drawn and for each of these the above described orbit integration is carried out. The end result is a sampling of the distribution of possible perihelion distances and times. This distribution obtained through Monte Carlo sampling is then treated as the probability density function (PDF) of the encounter parameters. The shape of the confidence regions are manly affected mainly by the relative errors on parallax and radial velocity. The relative error in the proper motion likewise affects the shape of the confidence regions around the mean. Figures 4, 5, and 6 show the resulting PDFs.
In Fig. 4 we show the distribution of time and distance of closest approach for the time interval ±3 Myr from the present.The closest encounter found is, as expected, the very well known case of GJ 710.
In Fig. 5 we show the distribution of the total relative velocity and distance of closest approach. Most stars in our sample have high velocities (20 to 80 km s −1 ) meaning that their effect on the Oort cloud is small. Figure 6 shows the distribution of the time and relative velocity of closest approach, showing a triangular shape with a peak toward high velocities and the present time. This is a selection effect caused by our limitation of the total sample studied to stars that are currently within 50 pc from the Sun (this means that very fast moving stars that would approach the Sun far in the past or the future are currently not in the 50 pc volume).
We calculate the effect on a comet due to a passing star that approaches to within 2.5 pc (Table 4) , by using the impulse approximation (Eq. (2)). We find that the change in the velocity of a comet is relatively small (in the order of 10 −3 -10 −4 km s −1 , Table 4). The exception is for the passage of GJ 710, which causes a velocity change of ∼ 0.13 km s −1 , creating an important perturbation in the inner Oort cloud. Overall if only individual encounters are considered the Oort cloud comets barely feel the effect of passing stars. The impulse approximation is based on a number of simplifying assumptions, but this approach gives us a general panorama of the individual effect of the nearby stars on a comet in the Oort cloud. In order to quantify the global effect of passing stars, it is necessary to integrate their orbits backwards and forward in time (see Sect. 3). Such a scenario is shown in the third row of Figure 9 . The cumulative effect of nearby stars is strong enough to lift the perihelion of ∼ 0.3% of the objects in the Oort cloud ( Fig. 9, third row) . Particularly the effect of GJ 710 is strong (Fig. 8 ), but encounters within ∼1 pc also have an important contribution.
Article number, page 5 of 13 A&A proofs: manuscript no. OortCloud_Gaia_ST Fig. 3 : Closest approach distance vs. closest approach time. The shaded areas represent the critical radius where stars can star affect an object in the Oort cloud, and the boundaries of the outer and inner Oort cloud, respectively. The big dots corresponds to those stars that approach the Sun to within 2.5 pc.
The case of GJ 710/HIP 89825
For decades GJ 710 has been pointed out as the major future perturber of the Oort cloud. The first calculations using Hipparcos catalogue led to an encounter distance of 0.33 pc, 1.38 Myr from the present time (see e.g., García-Sánchez et al. 2001; Torres et al. 2018 ). Using Gaia DR1 Torres et al. (2018) pointed out that the encounter distance is even smaller, at 0.062 pc, 1.35 Myr from today (see also Berski & Dybczyński 2016; Bobylev & Bajkova 2017; Bailer-Jones 2018) . With the data from Gaia DR2 in hand the distance and time of closest approach have again slightly decreased to 0.054 pc and 1.28 Myr (Table 3,Table 5 ). de la Fuente Marcos & de la Fuente Marcos (2018) and Bailer-Jones et al. (2018) found similar but slightly discrepant results. The small discrepancy in the various results is mainly due to the orbit integration method and the galactic potential used in their calculations, considering that the input data is the same.
A comparison of the results obtained for GJ 710 from Hipparcos, Gaia DR1 and Gaia DR2 data is shown in Fig. 7 . The calculations where performed following the method described in Sec.3.1, using the astrometric data described in Table 5 . The discrepancy between Hipparcos and Gaia is due to the difference in the value of the astrometric parameters and radial velocity. This results in a shift in the perihelion distance of GJ 710. Using different parameters for the galactic potential will also lead to slightly different values (see e.g., Bailer-Jones et al. 2018) . Note that the time of perihelion is more uncertain for the Gaia DR2 data, which is caused by the larger uncertainty in the radial velocity. Following the method described in Sec.3.1 and Sec.4. We investigated the effect of GJ 710 on a simulated Oort cloud ( Fig. 9, first row) . The perturbation due to GJ 710 lift the perihelion of the comets with semi-major axis of ∼ 10 000 to 100 000 AU (Fig. 8) . Creating ∼ 0.01 of hyperbolic objects, and pulling the semi-major axis of ∼ 0.30% of the comets in the edge of the Oort Cloud.
Dynamical Evolution of the Oort cloud
As pointed out by Heisler & Tremaine (1986) the Galactic tidal field is a major contributor to Oort cloud perturbations at large distances, while as we showed in Sect. 3.1 the cumulative effect of passing stars can also lead to substantial perturbations of the Oort cloud comets. In this section we study the cumulative effects of the known stellar encounters (Table 4) Table 4 : Stars predicted to approach the Sun within 2.5 pc over the ±10 Myr from today. The columns represent the Gaia DR2 ID, the time, distance and velocity at the perihelion with its respective confidence interval. Followed by the effective temperature listed in Gaia DR2, the estimated mass of the star, and the change in the velocity due to the encounter with the Sun for each star. (Gontcharov 2006) , * * Gaia DR2 radial velocities catalogue (Soubiran et al. 2018). tic tidal field over the interval of 20 Myr centred on the present time. This will provide a lower limit to the combined effect of stellar encounters and the Galactic tidal field on the dynamical evolution of the Oort cloud. We use the The Astrophysical Multi-purpose Software Environment -AMUSE (Portegies Zwart et al. 2009; Pelupessy et al. 2013; Portegies Zwart et al. 2013; Portegies Zwart & McMillan 2018 ) -for our calculations. Following the works of Rickman et al. (2008) and Hanse et al. (2016) we first construct an isotropic Oort cloud of 10 000 test particles (Fig. 9, first row) . The distribution of Oort cloud particles is spherically symmetric and isotropic, and they follow a uniform distribution in the orbital elements cos i, ω, Ω, and M. The initial eccentricities, e, are selected with a probability density distribution p(e) ∝ e and the perihelia, q, are chosen outside of the planetary region (q > 32 AU). The semi-major axes, a, are distributed proportional to a −1.5 over the range 3 × 10 3 -10 5 AU. In order to ensure a thermalized Oort cloud (e.g., Duncan et al. (1987) ; Dybczyński (2002) ; Rickman et al. (2008) ) we used a radial density profile of r −3.5 (where r is the distance between the comets and the Sun).
Subsequently we used the GPU-accelerated direct N-body code ABIE (Cai et al. in preparation) with a 15th-order Gauss-Radau integrator (Everhart 1985) optimized for close encounters. We couple ABIE and the Gala package in such a way that ABIE advances the positions of the Oort cloud particles and Gala calculates the accelerations on each particle due to the galactic tidal field, based on the positions provided by ABIE. The calculated accelerations are subsequently inserted into the Gauss-Radau integrator in ABIE as additional forces. Using the catalogue of nearby stars (Table 3) , we selected all the stars (31) that are predicted to pass within 2.5 pc from the Sun (Table 4) ±10 Myr from today. These stars are included in the integrator with their present-day positions and velocities with respect to the Sun. Hence we evolve a system for a period of 20 Myr which Article number, page 7 of 13 A&A proofs: manuscript no. OortCloud_Gaia_ST Fig. 4 : Joint probability density of the time and distance of closest approach for those stars that are predicted to pass within 2.5 pc from the Sun (listed in Table 3 ). The contour levels indicate regions enclosing 0.6, 0.9, and 0.99 per cent cumulative probability. The shape of each PDF is affected by the relative errors in the observational data of each star, particularly the errors on parallax and radial velocity. Table 3. consists of one host star (Sun) surrounded by 10 000 test particles (Oort cloud) under the influence of external perturbations due to passing stars and the Galactic tidal field.
In order to disentangle the effects of the Galactic tidal field and the encounters with stars identified in Gaia DR2 we considered three main cases for external perturbations, Galactic tidal field, Gaia stars, Galactic tidal field + Gaia stars. We focus now, on the effect of the external perturbations considering an extended Oort cloud (a ≤ 100 000 AU). The first row Fig. 9 shows the initial conditions followed by the final perihelion distance as a function of the final semi-major axis for the three scenarios previously discussed. Considering a short integration of 20 Myr (10 Myr in the past, and 10 Myr in the future). The green area represents the original location of the ejected particles (yellow dots).
The effect of the galactic tidal field on the Oort cloud decreases from the outskirts to the inner regions of the cloud (sec- Fig. 6 : Joint probability density of the distance and relative velocity of closest approach for the stars in Table 3. ond row Fig. 9 ). The particles at the edge of the cloud suffer a considerable change in their orbital elements. Specifically, for ∼ 0.91% (yellow dots, Fig. 9 ) of the objects' semi-major axes increase up to interstellar distance ( a > 100 000 AU). The particles in the inner Oort cloud remain unaffected. A small fraction of the particles (∼ 0.02%) acquire hyperbolic orbits. When Gaia stars are the only perturbers ( Fig. 9 , third row) their effect is much less pronounced than that of the Galactic tidal field in particular in the outskirts on the Oort cloud. The effect of Gaia stars is dominated by the star GJ 710 (Fig. 8) . However, the cumulative effect of relatively distance encounters (∼ 1pc) help to change the semi-major axis of ∼ 0.38% of the comets in the outer Oort cloud, whereas 0.01% of the outer Oort cloud objects acquire hyperbolic orbits.
The combination of the Galactic tidal field and Gaia stars ( Fig. 9 , last row) enhances the perturbations on the Oort cloud, causing 0.03% of the objects to become unbound from the solar system, and ∼ 1.12% of objects with a ≥ 100 000 AU. Further discussion on the effect of the Galactic tide and Gaia stars is presented in Sect. 4.1. In all the three scenarios for external perturbations a considerable population of objects with a 100 000 AU is created. Their orbits remain elliptic, but the effect of external perturbations lifts their semi-major axis beyond the Oort cloud (yellow dots, Fig. 9 ). This effect is only relevant for the outermost regions of the Oort cloud (∼ 80 000-100 000 AU). The orbital elements of the and inner parts of the cloud will not be affected as strongly.
We now consider a compact Oort cloud with semi-major axes up to 50 000 AU. For these objects, the effect of the Galactic tidal field has a negligible effect (first panel, Fig. 10 ). The second panel in Fig. 10 shows the effect of the Gaia stars. The effect of GJ 710 is prominent, and causes a major perturbation. The last panel in Fig. 10 shows the combined effect of the Galactic tidal field and the Gaia stars, where in this case the effect of the Gaia stars dominates over the Galactic tidal field. Importantly, for a compact Oort cloud the effect of the passing stars still leads to semi-major axes being lifted beyond the limits of the cloud.
We conclude that the cumulative effect of passing stars and the galactic tidal field are efficient mechanisms in the creation of comets for which the semi-major axis is larger than the extent of the Oort cloud (a > 100 000 AU), but with bound and eccentric orbits. Hereafter we refer to such an objects as transi- Table 5 ). tional interstellar comets (TICs). If we consider an Oort cloud with a ≤ 100 000 AU, the Galactic tidal field is the major perturber, while for an Oort cloud with a ≤ 50 000 AU passing stars provide the major effect, mainly due to the close encounter with GJ 710 (Fig. 8) .
Galactic tide and Gaia stars perturbation
For long timescales (on the order of gigayears), the synergy between Galactic tides and stellar encounters to bring comets into the observable zone is now well understood (Rickman et al. 2008; Fouchard et al. 2011) . Both perturbations strongly depend on the semi-major axis of the comets. In general the Galactic tidal field rapidly changes the perihelia of the outer regions, while passing stars are a good mechanism to eject or inject particles when a close encounter happened (see e.g, . For short timescales (∼ 20 Myr) as we discussed in Sect. 4, the Galactic tide and stellar encounters shows to be an efficient mechanism for the creation of TICs. The outermost part of the cloud (∼ 80 000-100 000 AU, Fig. 11 ) is heavily perturbed, whereas the innermost part remains unchanged (3000-50 000 AU, Fig. 11 ). This implies that the edge of the Oort cloud is sensitive to external perturbations and is relatively easy to strip. The particles in the outermost part of the Oort cloud have a considerable change in their orbital elements. The change of the perihelion and eccentricity increases as a function of the semi-major axes (Fig. 12) , whereas the semi-major axes reach interstellar distances. These objects previously referred as transitional interstellar comets remain bound to the Sun with eccentric orbits (Fig. 13) . The detailed effects of subsequent perturbations due to passing stars and the galactic tidal filed will determie if these objects will return to the Solar system or become unbound.
Considering the efficiency of external perturbations on circumstellar comet clouds in the creation of interstellar objects, and noting that Valtonen & Innanen (1982) pointed out that objects with a relative velocity above 0.5 km/s can probably enter and leave the Solar System, we speculate that a 'cloud' of objects exists in interstellar space which overlaps with our Oort cloud and constantly exchanges material with it. An indication that this may be the case was provided by the first interstellar comet detected, 'Oumuamua (Williams 2017) , which opened a new era in the study of interstellar objects. Estimates of the local density of interstellar objects range from 10 14 pc −3 (Portegies , to 8 × 10 14 pc −3 (Jewitt et al. 2017) , to 2 × 10 15 pc −3 (Do et al. 2018) . The existence of an interstellar comet cloud could explain in part the slightly hyperbolic comets and potential interstellar objects that might have been detected in the Solar System but not yet classified as such (see e.g, Ashton et al. 2018; Siraj & Loeb 2019) . A future detailed study of the evolution of the transitional interstellar comets created by the tides and stellar encounters is needed to draw more solid conclusions.
The results presented here are based on the assumption of a hypothetical present day spheroidal cloud of comets extendng up to 100 000 AU from the Sun. If we consider a smaller structure (Fig. 10) passing stars are the main perturbers, while the Galactic tidal field barely influences the orbit of the comets. In addition we stress that our sample of stars considered as perturbers of the Oort cloud is incomplete due to the Gaia survey limits combined with our data quality filtering and the upper limit we imposed on the distance to the stars in our sample. A more complete inven-Article number, page 9 of 13 A&A proofs: manuscript no. OortCloud_Gaia_ST 
Summary and Conclusions
In this work we presented a study of the combined effect on the Solar System's Oort cloud of the Galactic tidal field and close stellar encounters predicted to occur over a time interval of 20 Myr around the present. Our focus is on the loss of comets to interstellar space. Following Rickman et al. (2008) we first presented a simple model of stellar encounters based on data compiled for 13 spectral types of the stars in the Solar neighbourhood. We confirm that individual perturbations of randomly passing stars cannot alter the orbits of the comets in the Oort cloud unless a very close encounter occurs. However, from a consideration of the stellar encounter statistics we show that the comets in the cloud may be lost to interstellar space over a short period of time due to the cumulative effect the stellar encounters.
Motivated by this result we used Gaia DR2 data to identify 14 659 stars passing within 50 pc from the Sun over the time period of ±10 Myr centred on the present. Out of this sample 31 stars are predicted to be major perturbers of the Oort cloud, approaching the Sun to within 2.5 pc. This catalogue of perturbing stars (presented in Table 3 ) constitutes an astrometrically clean sample, which however is incomplete due to the Gaia survey limitations, the upper limit imposed on the distance to the stars in the sample (50 pc), and the strict data quality filtering. Our estimates of the effect of known stellar encounters is thus conservative (note that Bailer-Jones et al. 2018, find a larger number of stellar encounters from Gaia DR2 due to their less strict data quality filtering). Using the impulse approximation (Eq. (1)) we then calculated the impulse that each star passing within 2.5 pc from the Sun imparts to a comet in the Oort cloud. We found that (as expected) the effect of individual encounters is relatively small (on the order of 10 −3 to 10 −4 km s −1 ). The cumulative effect of Gaia stars was then investigated. We found that the collective effect of stars passing within ∼ 1pc can lift the perihelion of members of the Oort cloud in a relative small period of time.
Finally, we focused our study on the combined effect of multiple stellar encounters and the Galactic tidal field on a simulated Oort cloud. To achieve this we used a detailed N-body simulations, evolving a system of one host star (the Sun) surrounded by 10 000 test particles (the Oort cloud) and affected by three different sets of external perturbations (Gaia stars only, Galactic tidal field only, and the combination of both), over a period of Article number, page 11 of 13 A&A proofs: manuscript no. OortCloud_Gaia_ST 20 Myr (±10 Myr centred on today). When we consider an extended Oort cloud (a ≤ 100 000 AU), we find that the effect of the Galactic tidal field alone leads to the creation of transitional interstellar comets of around 0.91% of the initial comets, while the collective effect of the passing stars only leads to a smaller fraction of 0.38%. For the case of the more compact Oort cloud (a ≤ 50 000 AU) passings stars dominate the perturbations, mainly due to the star GJ 710, while the effect of the Galactic tidal field is almost negligible. The combined effect of the passing stars and the Galactic tidal field in both scenarios (compact and extended Oort cloud) lifts the semi-major axis of around 1.12% of the initial particles beyond the boundaries of the Oort cloud (a> 100 000 AU). The estimates presented in this work are conservative and based on a small sample of known stars that passes near to the Sun during ±10 Myr. The effects of a more complete sample will increase the number of TICs. Overall the external perturbations are an efficient mechanisms in the formation of interstellar comets over a short period of time (in the order of tens of mega-years).
The further evolution of transitional interstellar comets depends on the perturbations introduced by passing stars and the galactic tidal field. These perturbations determine whether the transitional interstellar comets will remain bound to the Solar system or eventually become interstellar comets. Under the likely hypothesis that other planetary systems also possess Oort cloud-like structures, they most probably experience the same Fig. 13 : Histogram of the orbital energy distribution of the particles in the Oort cloud. Blue curve corresponds to the final semi-major axis, while red to the initial distribution. mechanism of erosion due to external perturbations. This leads us to speculate that the present day Solar system Oort cloud overlaps and exchanges material with a population of cometary bodies that occupy interstellar space.
